Diverse pathogen-derived molecules, such as bacterial flagellin and its conserved peptide flg22, are recognized in plants via plasma membrane receptors and induce both local and systemic immune responses. The fate of such ligands was unknown: whether and by what mechanism(s) they enter plant cells and whether they are transported to distal tissues. We used biologically active fluorophore and radiolabeled peptides to establish that flg22 moves to distal organs with the closest vascular connections. Remarkably, entry into the plant cell via endocytosis together with the FLS2 receptor is needed for delivery to vascular tissue and long-distance transport of flg22. This contrasts with known routes of long distance transport of other non-cell-permeant molecules in plants, which require membranelocalized transporters for entry to vascular tissue. Thus, a plasma membrane receptor acts as a transporter to enable access of its ligand to distal trafficking routes.
Introduction
Metabolites and signaling molecules are transported to distal plant organs in vascular tissue (Lucas et al., 2013) . These molecules are translocated from cells where they are synthesized to the phloem via either symplastic (through plasmodesmata that connect cells) or apoplastic (extracellular) routes. In Arabidopsis, which is predominantly an apoplastic loader, assimilates such as sucrose are retrieved from the apoplast into phloem companion cell-sieve element complexes by transporters (Kühn and Grof, 2010; De Schepper et al., 2013) and translocated from source to sink leaves with direct vascular connections. Such leaves occupy the same orthostichy, i.e. they are arranged in a vertical line on the same side ofpeptides, viruses and defense signals, also move in phloem following vascular connections (Lough and Lucas, 2006) . Systemic acquired resistance (SAR), induced by infection of lower leaves, is strongest in orthostichous leaves as well (Kiefer and Slusarenko, 2003; Lough and Lucas, 2006; Ferrieri et al., 2015) .
All secreted/apoplastic molecules that undergo long-distance transport have to enter phloem cells, usually via transporters. Viruses get inside the cells through damaged tissue or are transmitted by insect vectors directly to phloem cells (Vuorinen et al., 2011; Hipper et al., 2013) . Whether other modes of entry, such as receptor-mediated endocytosis (RME), can provide access of ligands to phloem and long distance transport has not been addressed. We used a peptide pathogen associated molecular pattern (PAMP), flg22, to test this hypothesis. flg22 is a fragment of bacterial flagellin that binds the FLAGELLIN SENSITIVE 2 (FLS2) receptor (Gómez-Gómez and Boller, 2000) and induces interaction of FLS2 with its coreceptor, BRI1-ASSOCIATED KINASE 1 (BAK1) (Chinchilla et al., 2007; Heese et al., 2007; Sun et al., 2013) , and FLS2 endocytosis (Robatzek et al., 2006) . Subsequently, a consortium of defenses, including rapid generation of reactive oxygen species (ROS), is activated (Felix et al., 1999; Zipfel et al., 2004; Chinchilla et al., 2006; Heese et al., 2007) . flg22 is widely used in basal defense studies. This 22-amino-acid peptide is buried within an assembled flagellum; it is not known how the flg22 epitope gets exposed to FLS2 and if during infection plants recognize intact flagellum, monomers or fragments of flagellin (Albert, 2013; Mott et al., 2014) .
Localization of FLS2 after activation by flg22 has been studied in epidermal cells in great detail (Robatzek et al., 2006; Beck et al., 2012; Choi et al., 2013; Spallek et al., 2013) . Plasma membrane receptors such as BRASSIONOSTEROID INSENSITIVE 1 (BRI1) or, to a lesser extent, FLS2 are constantly endocytosed and are recycled back to the plasma membrane via the early endosome/trans-Golgi network (TGN) (Russinova et al., 2004; Beck et al., 2012) . Ligandactivated receptors are sorted in the TGN and transported to late endosomes/multivesicular bodies (MVBs). After inducing a signaling cascade, activated FLS2 is ubiquitinated, endocytosed and degraded, transiently attenuating responsiveness to flg22 (Robatzek et al., 2006; Lu et al., 2011; Smith et al., 2014) . Degradation probably takes place within vacuoles, because ubiquitinated proteins removed from the plasma membrane by endocytosis are sorted in the TGN, and sent to MVBs and vacuoles for degradation (Scheuring et al., 2012; Ben Khaled et al., 2015) . Castasterone (a brassinosteroid hormone) was shown to enter the endocytic pathway together with its receptor, BRI1, and to accumulate in vacuoles, while the receptor is recycled to the plasma membrane or degraded (Irani et al., 2012; Martins et al., 2015) .
Recognition of flg22 by plants, in addition to causing an immediate local immune response that attenuates bacterial growth, can induce systemic resistance to subsequent infection (Mishina and Zeier, 2007) . Application of other PAMPs such as lipopolysaccharide (LPS), chitosan or elicitins to the lower leaves of a plant also activates SAR (Ricci et al., 1989; Mishina and Zeier, 2007; Faoro et al., 2008; Zeidler et al., 2010) . It is assumed that secondary plant-derived mobile signals generated during the immune response to elicitors are responsible for SAR. However, PAMPs might also be transported to distal tissues. For example, Salmonella minnesota LPS infiltrated to Arabidopsis leaves was transported in vascular tissue (probably in xylem) to distal organs (Zeidler et al., 2010) and Phytophthora elicitins were taken up by roots and transported to leaves in tobacco (Devergne et al., 1992) . Both types of PAMPs were internalized by plant cells: Xanthomonas campestris LPS was endocytosed and transported to vacuoles of Nicotiana tabacum suspension cells (Gross et al., 2005) and elicitins were detected inside oak cells (Brummer et al., 2002) . So far, no connection between internalization and long-distance transport of PAMPs was made. Although flagellin uptake by plant cells has not been reported, endocytosis of externally applied flagellin was observed in human intestinal cells (Eaves-Pyles et al., 2011) .
Here we show that flg22 is transported to distal cells and tissues following vascular connections. Although flg22 is a synthetic peptide, we used it as a well-defined model of a peptide ligand that binds to the receptor and induces RME without endogenous background. We show that long-distance transport of flg22 depends on its receptor-mediated internalization into plant cells, raising the possibility that receptors facilitate delivery of mobile molecules to vascular tissue for distribution into distal organs.
Materials and methods

Labeled peptides
Unlabeled flg22 peptides and fluorescent derivatives labeled with 5-carboxytetramethylrhodamine (TAMRA) or 5-carboxyfluorescein (FAM) were ordered from Biomatik (95-98% purity) and are shown in Supplementary Table S1 at JXB online. Y-flg22 and Y-scrambled peptides were iodinated according to the method of McConahey and Dixon (1966) . In brief, 20-75 µg of peptide was incubated with 2 mCi (17 Ci mg -1 ) of Na 125 I (Perkin Elmer) in the presence of chloramine T. The reaction was quenched by the addition of sodium metabisulfite, and 50 µl of BSA-phosphate-buffered saline (PBS) (5 mg ml -1 ) was added to the reaction vial prior to gel filtration chromatography. Labeled peptide was separated from free iodine by elution from a 5 ml Sephadex G-25 column pre-equilibrated in 5 mg ml -1 BSA-PBS. Fractions (~200 µl) were collected manually under gravity flow and counted for radioactivity. Peak fractions were pooled and labeling was confirmed by Tris-Tricine SDS-PAGE (10-20%). Wet gels, sealed in plastic and without prior staining, were exposed to autoradiography to retain any free iodine that might be present. Specific activity of labeling was 17-75 µCi µg -1 .
Plant material
Arabidopsis thaliana Col, fls2 (Col) SALK_141277, bak1-4 (Col) SALK_116202 and Ws and transgenic line FLS2-GFP (Ws) (Robatzek et al., 2006) were grown at 20 °C with a 12 h light-12 h dark cycle for 4 weeks for most experiments, or on agar MS plates at 21 °C with a 16 h light-8 h dark cycle for 10-22 d for long-distance transport experiments with TAMRA-flg22. Nicotiana benthamiana grown for 5-6 weeks at 24 °C with a 16 h light-8 h dark cycle was used for peptide treatment 2 d after transient transformation with Agrobacterium GV3101 carrying FLS2-GFP (Robatzek et al., 2006) . Experiments with fluorescence and radioimaging were done in different laboratories (Chicago and Oak Ridge, respectively), with plants grown under the same conditions and treated at the same time of day.
ROS assay
Bioactivity was verified for each batch of peptides by treating Col and fls2 leaf discs (prefloated on water overnight) with 1 μM peptide and measuring ROS induction as described in (Tateda et al., 2014) .
Subcellular localization of flg22
Leaf discs were floated (abaxial side down) on 1-5 μM TAMRA-flg22 or 5-10 μM FAM-flg22 solution (in water) at room temperature for the indicated time (lower concentrations were used for overnight treatments). Inhibitors that affect endocytosis, MG132 (Sigma-Aldrich, 50 μM) or 2,3-butanedione monoxime (BDM; Sigma-Aldrich, 50 mM) were added at the same time as the peptides. FM4-64 (Invitrogen, 6-8 μM) or 2′,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF)-AM (cleaved by an endogenous plant esterase to BCECF, Invitrogen, 20-40 μM) mixed with peptide solution was vacuum infiltrated for 2 min into leaf discs (Kang et al., 2014) prior to incubation (floating on peptide/dye solution) for the indicated time. In some experiments FAM-Y-flg22 was used with results similar to FAM-flg22. For experiments with mixed peptides, leaf discs were floated for the indicated time on 2 μM FAM-flg22, FAM-scrambled peptide or fluorescein mixed with 1 μM TAMRA-flg22. In all experiments, leaf discs were washed after treatment by gently shaking for several minutes in water and the abaxial side was imaged by confocal or epifluorescence microscopy (see 'Microscopy'). Fluorescence intensity profiles were generated with ImageJ, as in Spallek et al., (2013) and Bozkurt et al. (2015) (see 'Data analysis'). Co-localization of flg22 and FLS2 was observed in three experiments and co-localization of flg22 and dyes in two experiments, with at least three plants per genotype/treatment/time point.
Microscopy
Epifluorescence images were obtained with a Leica DMR microscope (Leica, Germany) using green fluorescent protein (GFP) and rhodamine filter sets.
Confocal images were obtained using a Zeiss LSM710 laser-scanning confocal microscope (Zeiss, Germany) as described in Kang et al. (2014) . Fluorescence was visualized as follows: GFP/FAM/fluorescein/BCECF excitation (ex) 488 nm/emission (em) 495-545 nm; TAMRA ex 561 nm/em 566-620 nm; FM4-64: ex 561 nm/em 686-758 nm. Green and red fluorescence was acquired for the same field using a sequential acquisition mode.
In each experiment, all images were obtained with the same settings to allow comparison between samples. Imaging was done at the same time of the day for all experiments. Representative images are shown. Multiple images were used for quantification and were analysed as described below (see 'Data analysis').
Long-distance transport of flg22
Movement across a leaf blade A 5 μl drop of water solution of 10 μM FAM-flg22 or FAM-scrambled peptide was placed on the abaxial side of a detached Arabidopsis leaf in a humid chamber. In some experiments FAM-Y-peptides were used with similar results. Excess peptide was removed after 0.5 h, leaf surface was washed with water and epifluorescence images of the adaxial side were taken during the next 30 min (0.5-1 h after treatment).
Long-distance transport to distal tissues
Infiltration A 5-10 μM water solution of FAM-flg22 was pressure infiltrated with a 1 ml blunt syringe into a part or all of one leaf of 4-week-old soil-grown plants and distal tissues were examined by epifluorescence and confocal microscopy after 2 and 16 h, respectively. FAM-Y-flg22 was used in some experiments with similar results.
Surface application of fluorescent peptide
We applied 10-20 μl of 5 μM TAMRA-flg22 (without or with inhibitors: 50 μM MG132 or 50 mM BDM) to a filter paper disc placed on the adaxial side of one leaf of in vitro-grown Arabidopsis plants and distal tissues were imaged by confocal microscopy after 1 d. For experiments with mixed peptides, 5 μM TAMRA-flg22 + 10 μM FAM-scrambled peptides were used.
Surface application of radiolabeled peptide We applied 0.5-1 µM (specific activity 17 µCi µg -1 ) 125 I-Y-flg22 or 125 I-Y-scrambled peptide in 10 mM MES pH 5.7 with 0.01% Tween-20 as a 1 µl droplet to the abaxial side of one mature leaf of 4-week-old soil-grown Arabidopsis plants and incubated for 3 h. For the control, 1 µl of 1.8 µM Na 125 I (2.2 µCi µg -1 ) in 5 mM NaOH-0.5 mM NaHSO 2 (to prevent volatilization) with 0.005% Tween-20 was applied in the same way. Whole plants were sealed in plastic (Pinnacle Cover-All, Total Care), additionally contained in a plastic bag, and exposed for 5 d to phosphor screens for autoradiography.
In each experiment, all images were obtained with the same settings to allow comparison between samples. Fluorescence and radioactivity were quantified as described below (see 'Data analysis'). flg22 movement was examined in at least three experiments of each type; see figure legends for details.
Analysis of the stability of radiolabeled peptides in plants and extracts
Radiolabeled peptides (in 10 mM MES pH 5.7 with 0.01% Tween-20) were applied (i) as a 5 µl droplet (3 µM peptide, 75 µCi µg -1 ) to the abaxial surface on one leaf on an intact plant, (ii) into the whole plant through a tube attached to the cut petiole of a fully expanded Col leaf (5.7 µM peptide, 75 µCi µg -1 ), or (iii) into individual leaves through a cut petiole (3 µM peptide, 17 µCi µg -1 ). For control, 1 μl droplet of 0.2-1.8 µM Na 125 I (1.1-2.2 µCi µg -1 ) in 5 mM NaOH-0.5 mM NaHSO 2 and 0.005% Tween-20 was applied to the abaxial surface on one leaf on an intact plant. After 2-3 h, local and distal leaf tissues were homogenized in 50-100 µl of 2% SDS-PBS.
Alternatively, radiolabeled peptides (2-10 µM, 17-75 µCi µg -1 ) or Na 125 I (0.2 µM, 1.1 µCi µg -1 ) were incubated for 2.5-3 h with fresh or boiled (for 10 min) leaf extracts in PBS with 0.2% Igepal CA-630. Peptides were analysed by Tris-Tricine SDS-PAGE (10-20% gel, BioRad) and visualized by autoradiography (20 min to 20 h exposure).
These experiments were repeated at least twice, with duplicates or triplicates.
Sucrose uptake and transport
Arabidopsis leaf discs were floated on 5 μCi ml -1 (435 mCi mmol -1 ) [ 14 C]sucrose in 1 mM MES pH 5.6 with or without 2 μM unlabeled peptide for 1.5 h, washed four times with buffer during 1 h, dried, and radioactivity was measured in a scintillation counter (LS 6000 IC, Beckman) (Zhang and Turgeon, 2009) .
For phloem flow evaluation, a 20 μl drop containing 0.2 μCi [ 14 C] sucrose in 1 mM MES pH 5.6 with or without 10 μM flg22 was applied on the abaxial side of one leaf of soil-grown plants and after 16 h rosettes were removed, flattened on a filter paper and imaged by autoradiography (6 d exposure at -70 °C). Later, radioactivity in individual leaves was quantified by scintillation counting.
These experiments were repeated at least twice.
Data analysis
Fluorescence intensity profiles were generated with ImageJ (http:// rsb.info.nih.gov/ij, last accessed 6 April 2017) using RGB Profiler and Color Profiler. Fluorescent puncta were manually counted in 20 μm × 20 μm confocal image areas as in Irani et al. (2012) and Chaparro-Garcia et al., (2015) and shown as a fraction (Irani et al., 2012; Choi et al., 2013) . The amount of peptide in plant cells was measured as total fluorescence per view field (integrated density) as in Martins et al. (2015) , and was quantified with ImageJ in each channel in confocal and epifluorescence images. To allow comparison between experiments, fluorescence was calculated as a percentage of the signal in Col treated with TAMRA-flg22 or FAM-flg22.
125 I radioactivity in local and distal tissues was quantified from autoradiographs using a Cyclone Phosphorimager (Perkin Elmer) or in a scintillation counter (Packard Quantum Cobra D5002) and shown as percentage of total radioactivity in a plant. [ 14 C]sucrose radioactivity was quantified in a scintillation counter. Data from multiple experiments were analysed together using Prism software (GraphPad) (one-way ANOVA followed by Tukey's test, or the t-test).
Results
Labeled flg22 is biologically active
To study the fate of flg22 at the whole plant level, we used both fluorescent and radiolabeled peptides. flg22 and a control peptide with a scrambled flg22 sequence were labeled at the N-termini with 5-carboxyfluorescein (FAM), 5-carboxytetramethylrhodamine (TAMRA) or 125 I to track peptide movement in plant tissues (see Supplementary Table S1) . A tyrosine residue, required for iodination, was added at the N-termini of some peptides (Meindl et al., 2000) . All of the labeled flg22 peptides retained biological activity and induced ROS in an FLS2-dependent manner, whereas all of the scrambled flg22 derivatives were inactive (see Supplementary  Fig. S1 ).
flg22 is mobile in plants and its long-distance movement requires FLS2-BAK1 coreceptors
We first assessed whether flg22 shows short-and/or long-distance movement in plants using several methods of peptide delivery. FAM-flg22 was detected on the adaxial side of a detached Col leaf 1 h after droplet application to the abaxial side, indicating movement over a short range within the same organ (Fig. 1A) . FAM-flg22 mobility across a leaf blade was reduced in fls2 and bak1 mutants and was similar to the mobility of the FAM-labeled scrambled peptide in Col (Fig.  1A) . Sixteen hours after FAM-flg22 or FAM-Y-flg22 was infiltrated into a part of a leaf, the peptide was detected in distal orthostichous Col leaves, especially in veins. In contrast, FAM fluorescence was not observed in distal fls2 leaves (Fig.  1B, C) . At a shorter time, 2 h after infiltration, no fluorescence could be detected in distal organs, but FAM-flg22 was present within vascular cells in a distal part of the infiltrated Col leaf. FAM-flg22 in fls2 and FAM-scrambled peptide in Col were not detected within cells. Fluorescence signals were only rarely detected in intercellular spaces in distal areas of infiltrated leaves (Fig. 1D) . During bacterial infection, flagellin is likely to be first detected by the plant on leaf or stem surfaces. FLS2 is active in the epidermis, as flg22 was shown to induce calcium signals and oscillations in leaf epidermal cells (Thor and Peiter, 2014; Keinath et al., 2015) . Therefore, in subsequent experiments we delivered flg22 to a leaf surface. Droplet application of FAM-or TAMRA-labeled peptides to one leaf of large soilgrown plants did not allow detection of fluorescence signal in distal leaves. Therefore, we applied TAMRA-peptides on a Whatman paper disc placed on the adaxial side of one leaf of in vitro-grown plants, which allowed larger contact area and prolonged delivery of a peptide to much smaller plants. One day after application TAMRA-flg22 was detected preferentially in the vascular region of Col local tissue, but not in fls2 or bak1 (Fig. 1E) . TAMRA-flg22 was also detected after 1 d in distal leaves and flowers of Col (Fig. 2) . The efficient transport of flg22 required the receptors, as significantly less flg22 was detected in distal organs of fls2 and bak1 mutant plants ( Fig. 2A, B) . The differences in peptide accumulation in distal tissues observed in the microscopy images were statistically significant ( Figs 1A, B and 2B) . Thus, efficient longdistance transport of flg22 peptide is enabled by the FLS2 receptor. Additionally, several different methods (drop application, infiltration and contact with peptide-soaked filter paper) yielded similar results.
Long distance movement of 125 I-Y-flg22 follows plant orthostichy
Experiments using 125 I-labeled peptide confirmed the mobility of flg22 in Arabidopsis. Higher sensitivity and lower background allowed detection of the radiolabeled peptide in distal tissues of soil-grown Arabidopsis 3 h after droplet application to the abaxial side of one leaf (Fig. 3A, B) . This method also allowed us to image whole plants and to determine the actual distribution of a peptide in a plant. On average, 23% of total 125 I-Y-flg22 moved to distal leaves of Col. We observed orthostichous movement of 125 I-Y-flg22 to leaves on the same side of the plant (Kiefer and Slusarenko, 2003; Roberts et al., 2007) as the treated leaf ( Fig. 3A and Supplementary Figs  S2 and S3 ). This pattern of movement suggests that flg22 is transported by the vascular tissue and it is consistent with preferential detection of fluorescent flg22 in a vascular tissue (Fig. 1C-E) .
As seen with fluorophore-labeled peptide, long-distance movement of 125 I-Y-flg22 was dependent on FLS2 (Fig. 3A, B , and Supplementary Figs S2 and S3) . Furthermore, the mobility of the scrambled peptide was reduced in both Col and fls2 plants to a similar extent as flg22 in fls2 (Fig. 3A, B) . Na 125 I movement, used as a control, was the same in Col and fls2 (Fig. 3C) .
We analysed peptides in extracts from treated and distal plant tissues by SDS-PAGE to test their stability. While signals from fluorescent peptides were below the detection limit, unmodified I-Y-flg22 and a larger 12 kDa complex were detected in the extracts (Fig. 3D, E and Supplementary Fig. S4A, B) . In earlier work with tomato cell suspension culture, 125 I-Y-flg22 associated with the cells was not degraded either (Meindl et al., 2000) . We did not observe release of radiolabel from 125 I-Y-flg22 in Arabidopsis plant tissue. The larger (12 kDa) band was not sequence or receptor dependent (see Supplementary Fig. S4C ). It was also observed after peptide incubation with plant protein extracts, but not with heat-treated extracts ( Supplementary Fig.  S4D ), and thus possibly it was formed during extract preparation, due to the mixing of the contents of subcellular compartments. Free Na 125 I did not form any complexes in plants or in plant extracts; therefore, it is unlikely that Na 125 I became detached from the peptide and bound to another molecule in the plant extract ( Supplementary Fig. S4E, F) .
Our data indicate that radiolabeled peptide is not degraded in distal tissues and at least some flg22 is mobile in the unmodified form. Experiments with radiolabeled peptides further support a specific role of the receptors in orthostichous transport of flg22. Importantly, experiments with fluorescent and radiolabeled peptides were done independently and in parallel in two different locations without prior knowledge of experimental outcomes from either location. Both sets of experiments were in agreement that flg22 requires its receptor for long distance transport and scrambled peptides do not show long distance movement. In all experiments that used different peptide application and detection techniques, unspecific movement (in fls2 or with scrambled peptide) was ~15-20% of FLS2-dependent movement of active flg22 peptide (Figs 1B, 2B, 3B and 8B).
flg22 is internalized together with FLS2 by plant cells
Extracellular molecules must first be internalized into cells in order to be transported in vascular tissue to distal organs. Since FLS2 is needed for the long distance movement of flg22, we hypothesized that flg22's movement should be correlated with the ability of the peptide to enter cells. Therefore, we tested if FLS2 enables internalization (uptake) of flg22.
We used confocal microscopy to examine the localization and fate of flg22 in plant cells at the site of application. Leaf discs of a FLS2-GFP line of Arabidopsis Ws, which lacks endogenous functional FLS2 (Robatzek et al., 2006) , and Nicotiana benthamiana transiently transformed with FLS2-GFP were floated on TAMRA-flg22, washed in water and imaged. TAMRA-flg22 and FLS2-GFP co-localization at the plasma membrane was observed in N. benthamiana after several minutes to 1 h incubation ( Fig. 4A and Supplementary Fig.  S5 ) and in Arabidopsis Ws after 15-20 min ( Supplementary  Fig. S6 ). After 1-2 h, TAMRA-flg22 and FLS2-GFP were found together in vesicles in Ws/FLS2-GFP (Fig. 4B, D and t-test, n=16) . (E) After overnight incubation, TAMRA-flg22 fills the cells, whereas FLS2-GFP is mostly detected at the plasma membrane. Supplementary Fig. S7 ). FLS2-GFP was also internalized and found in vesicles in Ws/FLS2-GFP after 1-1.5 h treatment with unlabeled flg22 and TAMRA-flg22 was found in vesicles in Col (which has a wild-type, unlabeled FLS2) (see Supplementary Fig. S7 ). No fluorescence signal was observed inside the cells of the non-transgenic wild-type Ws control or Col fls2 treated with TAMRA-flg22 (Fig. 4C, D and Supplementary Fig. S7 ) or in wild-type Col or Ws treated with unlabeled flg22 (see Supplementary Fig. S7 ).
After 16 h incubation, TAMRA-flg22 co-localized with FLS2-GFP at the plasma membrane. Fluorescence signals from TAMRA, but not GFP, also appeared to fill the cells, suggesting flg22 accumulation in large central vacuoles, which occupy most of the volume of Arabidopsis epidermal cells (Fig. 4E) (Hunter et al., 2007) . The lack of GFP signal in vacuoles probably reflects the fact that FLS2 is degraded after internalization in response to flg22 (Tamura et al., 2003; Robatzek et al., 2006; Lu et al., 2011; Smith et al., 2014) .
In all experiments we imaged flg22 in epidermal cells, similarly to how it was done for FLS2 (Robatzek et al., 2006; Beck et al., 2012; Choi et al., 2013; Spallek et al., 2013) , but flg22 accumulated in mesophyll cells as well (see Supplementary Fig. S8 ). Our experiments show that flg22 is internalized with its receptor FLS2. (Bolte et al., 2004; van Gisbergen et al., 2008) or prevacuolar compartments/vacuoles (BCECF) (Brauer et al., 1995; Scheuring et al., 2015) . FM4-64 has previously been used to confirm endocytosis of activated FLS2 (Beck et al., 2012) . FAM-flg22 co-localized with a subset of vesicles and MVBs labeled with the membrane/endocytic dye FM4-64 in Col leaves after 1-2 h incubation (Fig. 5A, B, D) . As expected, FAM-flg22 signal was not visible in the fls2 mutant (Fig. 5C, D) . After 2-4 h, TAMRA-flg22 was found in MVBs and prevacuolar compartments stained with the vacuolar dye BCECF (endosomes were not stained with BCECF) (Fig. 5E, F) . After overnight incubation, TAMRA-flg22 and vacuolar dye accumulated in central vacuoles, filling a large volume of the cells (Fig. 5G) .
In conclusion, flg22 follows the default endocytic pathway to vacuoles typical for plasma membrane proteins (Scheuring et al., 2012) and similar to brassinosteroids (Irani et al., 2012) .
flg22 accumulation in plant cells requires endocytosis and FLS2-BAK1 coreceptors
Since we did not detect internalization and accumulation of flg22 in cells of Ws (which lack FLS2) and an fls2 mutant of Col ( Figs 4C, D and 5C , D, and Supplementary   Fig. S7 ), we hypothesized that flg22 enters plant cells via RME. Therefore, we further investigated factors required for flg22 uptake and accumulation. We quantified binding/initial uptake of the flg22 peptide by measuring fluorescence observed in the membrane and vesicles in images of leaf discs floated on TAMRA-flg22 (confocal microscopy) and FAM-flg22 (epifluorescence microscopy). flg22 binding/uptake during the first 1.5 h was reduced in the fls2 mutant compared with Col and was similar to binding/uptake of scrambled peptide in Col (Fig. 6A,  B and Supplementary Fig. S9A ). In this initial period, TAMRA-flg22 fluorescence in bak1 (which is not affected in flg22 binding; Chinchilla et al., 2007) was similar to Col (Fig. 6A, B and Supplementary Fig. S9A ). Adding chemicals that are known to effectively inhibit FLS2 internalization (MG132 and 2,3-butanedione monoxime (BDM); Robatzek et al., 2006; Beck et al., 2012) simultaneously with TAMRA-flg22, did not prevent initial peptide binding/uptake (Fig. 6A, B) . However, after overnight incubation, TAMRA-flg22 did not accumulate in vacuoles of Col treated with MG132 and BDM or fls2 and bak1 without the inhibitors (Fig. 6C, D and Supplementary  Fig. S9B ).
Uptake/binding during 1 h and overnight accumulation of TAMRA-flg22 were outcompeted by an excess of unlabeled flg22, indicating that these processes require and are limited by FLS2 ( Supplementary Fig. S9C, D) .
Collectively, our data show that flg22 accumulation in the cells requires RME. 
Long-distance transport of flg22 requires endocytosis
As FLS2-dependent internalization and sustained uptake/ accumulation of flg22 in plant cells correlated with long-distance mobility, we hypothesized that endocytosis also plays a role in long-distance transport. Indeed, long-distance movement of TAMRA-flg22 was prevented by inhibitors that affect internalization, MG132 and BDM, in a manner similar to that observed in mutant plants lacking FLS2 or BAK1 coreceptors ( Fig. 2A, B) .
Our experiments show that flg22 accumulation within cells and long-distance transport within plants require internalization via RME, and binding to the receptor alone is not sufficient for accumulation or movement.
Defense activation does not contribute to peptide uptake, accumulation and transport
It seemed possible that transport or uptake of phloem-mobile molecules was affected by defense activation due to perception of flg22. Despite reports that activation of immunity reduces a vascular flow and molecular flux through plasmodesmata (Freeman and Beattie, 2009; Oh et al., 2010; Faulkner et al., 2013; Wang et al., 2013) , we observed more transport of flg22 than inactive scrambled peptide (Figs 1A and 3A, B) . To test if defense induction by flg22 affected general phloem uptake and bulk flow, we evaluated the movement of [
14 C] sucrose in the presence of flg22. Neither the uptake nor the flow was significantly affected by flg22 in our conditions (see Supplementary Fig. S10 ).
To test if non-specific peptide uptake and accumulation were affected by defense activation, we floated Col leaf discs on a mixture of active and scrambled peptides labeled with different fluorophores. Only active flg22 accumulated in plant cells and non-specific peptide uptake was not observed, as shown by quantification of TAMRA-flg22 and FAM-scrambled peptide fluorescence in confocal microscopy images (Fig. 7A, B) . Detection of both TAMRA-flg22 and FAMflg22 in the same cells confirmed that both fluorophores could be detected simultaneously (Fig. 7A ). In addition, flg22 did not induce uptake of the small molecule fluorescein (Fig. 7) and did not increase uptake or accumulation of TAMRA-flg22, but outcompeted the labeled peptide (see Supplementary Fig. S9C, D) .
To further confirm specificity of flg22 transport, we applied a mixture of TAMRA-flg22 and FAM-scrambled peptides on a filter paper disc to one leaf of Arabidopsis. Only TAMRA-flg22 and not FAM-scrambled peptide moved, to a significant extent, to distal organs in WT Col, and neither of the mixed peptides was significantly mobile in fls2 and bak1 mutants (Fig. 8) . Moreover, both inhibitors that affect receptor internalization, MG132 and BDM, prevented flg22 accumulation and transport (Figs 2 and 6 ), whereas only BDM impaired defense activation as measured by ROS production (see Supplementary Fig. S1B ).
These experiments show that defense activation by flg22 does not induce non-specific transport or uptake of peptides and other phloem-mobile molecules. Discussion flg22-FLS2 is one of the most studied ligand-receptor pairs in plants. Binding of the ligand induces receptor endocytosis, starting a signaling cascade to trigger local defense and SAR (Zipfel et al., 2004; Robatzek et al., 2006; Mishina and Zeier, 2007) . We determined the fate of flg22 in cells and whole plants: flg22 accumulates within cells after internalization and is transported to vascular regions and orthostichous distal organs. Endocytosis together with the FLS2 receptor and trafficking along the endocytic pathway typical for plasma membrane proteins (Scheuring et al., 2012) , followed by accumulation of flg22 inside the cells, is correlated with long-distance peptide transport. flg22 uptake and transport are specific, as inactive scrambled peptide is not internalized and therefore does not move efficiently. Additionally, activation of defenses per se does not contribute to accumulation and transport of flg22. That flg22 can move in plants is not surprising, as long-distance transport was shown for several foreign proteins and peptides (Imlau et al., 1999; Niu et al., 2011) . It was surprising, however, that FLS2 is required for efficient transport. Binding to the receptor is not sufficient, because lack of BAK1 coreceptor or disruption of endocytosis prevent flg22 accumulation in cells and long-distance transport. We propose that receptor-mediated endocytosis contributes to flg22 systemic movement by providing access to the cell interior and vascular tissue.
It is rarely recognized that extracellular long-distance signaling molecules must enter cells in order to gain access to phloem. The apoplast is not continuous with phloem (De Schepper et al., 2013) . Transporters are required for delivery of many mobile molecules, which otherwise cannot cross membranes, into companion and sieve element cells, either from other surrounding cells (symplastic loading) or from the apoplast (apoplastic loading). For example, glucosinolate membrane transporters, essential for long-distance movement of these defense compounds to seeds, were proposed to control their loading from the apoplast into the phloem (Nour-Eldin et al., 2012) . Sugar transporters are necessary for sucrose uptake and movement (De Schepper et al., 2013; Kühn and Grof, 2010) . Even micronutrients (minerals) are uploaded into xylem and phloem via specific transporters (reviewed in Lucas et al., 2013) .
Our results show that receptor-mediated internalization may be used instead of plasma membrane transporters for delivery of extracellular molecules to the cells and the resulting short-and long-distance trafficking. We detected flg22 in epidermal cells, mesophyll cells and vascular tissue. FLS2 is highly expressed in vasculature and stems (Beck et al., 2014; Genevestigator, www. genevestigator.com, last accessed 6 April 2017; AtGenExpress, http://jsp.weigelworld.org/expviz/ expviz.jsp, last accessed 6 April 2017; Schmid et al., 2005) providing entry points for flg22 to phloem cells and longdistance transport. FLS2 is also present in plasmodesmata (Faulkner et al., 2013) , where it may contribute to flg22 movement between cells and uploading to phloem. It remains to be established whether the receptor is needed only for the initial uptake or also for further transport along vasculature.
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Sucrose transporters are present not only in collection phloem (source), but also in transport and release phloem, and it was proposed that leakage (release) and retrieval mechanisms contribute to movement of assimilates along transport phloem (De Schepper et al., 2013) .
We do not know by what mechanism flg22 leaves the endocytic pathway to access vascular tissue and long distance routes or if or how it dissociates from FLS2. The fate of flg22 inside plant cells is similar to that of Potato moptop and Cauliflower mosaic virus movement proteins, which are endocytosed and delivered to pre-vacuoles/late endosomal structures (Haupt et al., 2005; Carluccio et al., 2014) . Endosomal trafficking of the movement proteins is essential for the spread of viruses to distal tissues, as is endocytosis of flg22 for efficient peptide movement to systemic tissue, although it is not clear how movement proteins escape the default pathway and degradation in vacuoles. Many viruses replicate near endomembrane systems and move between cells through plasmodesmata, which they reach by endosomal recycling, secretory pathways or along the cytoskeleton (Schoelz et al., 2011) . It is still unknown how viruses enter and exit vascular tissue in apoplastic loading plants such as Arabidopsis (Vuorinen et al., 2011) and in many cases it is not well understood in which form they move within phloem (Hipper et al., 2013) . A portion of the flg22 pool may escape the pathway to vacuole and travel in endosomal compartments, as some viral movement proteins do. A mechanism similar to fragmentation and release of flagellin peptides from the TLR5 receptor (flagellin receptor in human cells) for antigen presentation by MHCII (Letran et al., 2011) may exist in plants. Although a previous study showed almost irreversible binding of flg22 to tomato cells and membranes, with very little release of labeled peptide to the medium (outside of cells), it did not address potential release inside the cells, i.e. in vacuoles or elsewhere in the endocytic pathway (Meindl et al., 2000) . Whereas binding of flg22 to intact Arabidopsis cells was also irreversible, binding to microsomal membranes was reversible (Bauer et al., 2001) ; therefore, prior evidence for the release of flg22 from Arabidopsis FLS2 exists.
Metabolites delivered through the vasculature are often released to the apoplast at their final destination by mechanisms similar to uploading in source tissues (Lough and Lucas, 2006; De Schepper et al., 2013) , although details of unloading are not fully understood (Dinant and Lemoine, 2010) . It was speculated that LPS, which was detected in distal tissues after a local application, might directly contribute to SAR (Zeidler et al., 2010) , although further studies are needed to establish if flg22 or LPS directly induces defenses in distal tissues. Mobile elicitins directly induce necrosis in distal tissues (Ricci et al., 1989; Uhlíková et al., 2016) . Interestingly, LPS and elicitin receptors have been recently identified in Arabidopsis and wild potato, respectively (Du et al., 2015; Ranf et al., 2015) , and future studies may reveal if they are necessary for the ligand movement.
Plants use many signaling peptides in development and defense such as CLE peptides, defensins and PEPs (reviewed in Murphy et al., 2012; Marmiroli and Maestri, 2014 ) that activate signaling in target cells by interacting with their specific receptors. Receptor-mediated entry to the cells may contribute to transport of these peptides and other endocytosed molecules that were not considered mobile, to neighboring cells or distal tissues, as in the case of flg22.
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